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Introduction {#cmdc201700783-sec-0001}
============

The production of red blood cells in the bone marrow is a tightly controlled homeostatic process that depends on the availability of the hematopoietic growth hormone erythropoietin (EPO). EPO is primarily produced by specialized cells in the kidneys, from where it is released into the bloodstream. These cells respond to any decrease in oxygen supply with an increased production of EPO. Systematic analysis of *EPO* gene regulatory elements ultimately led to the discovery of the hypoxia‐inducible factors (HIFs) HIF‐1 and HIF‐2, which are constituents of the oxygen‐sensing pathway that enables higher organisms to adapt to changes in oxygen levels.[1](#cmdc201700783-bib-0001){ref-type="ref"} While HIFs are the transcriptional activators of a plethora of hypoxia‐inducible genes, the mRNA of EPO shows by far the highest inducibility in response to hypoxia. HIFs are heterodimers consisting of an α‐ and a β‐subunit that bind to distinct hypoxia‐responsive elements in the regulatory sequences of hypoxia‐inducible genes.[2](#cmdc201700783-bib-0002){ref-type="ref"} The HIFs are regulated by a family of three oxygen‐dependent and 2‐oxoglutarate (2‐OG)‐consuming dioxygenases, known as the HIF‐prolyl hydroxylases (HIF‐PHs) or prolyl hydroxylase domain‐containing proteins 1--3 (PHD 1--3).[3](#cmdc201700783-bib-0003){ref-type="ref"} In the presence of oxygen, HIF‐PHs hydroxylate two distinct proline residues within the HIF‐α subunit. The hydroxylated HIF‐α subunit is recognized by an E3 ubiquitin ligase multiprotein complex (consisting of the Von Hippel--Lindau protein, elongins B and C, cullin 2 and RING‐box protein 1), and subsequently subjected to polyubiquitination and proteasomal degradation.[4](#cmdc201700783-bib-0004){ref-type="ref"} Thus, HIF‐PHs function as oxygen sensors, shutting off hypoxia‐sensitive gene transcription by tagging HIFs for degradation under normoxia. In contrast, under hypoxia, HIF‐PH activity is decreased; HIF accumulates and migrates to the nucleus, activating *EPO* gene transcription (Figure [1](#cmdc201700783-fig-0001){ref-type="fig"}).

![A promising novel therapeutic approach for the treatment of anemia: stabilization of HIF via inhibition of HIF‐PH translates into EPO induction in the kidney and formation of red blood cells in the bone marrow. EPO: erythropoietin; HIF: hypoxia‐inducible transcription factor; HIF‐PH: HIF‐prolyl hydroxylase; HO‐P: hydroxylated proline residues.](CMDC-13-988-g001){#cmdc201700783-fig-0001}

Anemia is common in patients with chronic kidney disease (CKD) because insufficient EPO is produced by failing kidneys.[5](#cmdc201700783-bib-0005){ref-type="ref"} Consequently, increasing production of endogenous EPO in the kidneys by mimicking hypoxia via inhibition of HIF‐PHs is an attractive and novel approach for the treatment of anemia (Figure [1](#cmdc201700783-fig-0001){ref-type="fig"}). The current standard of care consists of parenteral administration of recombinant human EPO (rhEPO). In controlled clinical studies, administration of rhEPO was associated with an increased incidence of cardiovascular side effects, which were attributed to highly supraphysiological plasma EPO levels.[6](#cmdc201700783-bib-0006){ref-type="ref"} Small‐molecule HIF‐PH inhibitors may provide an alternative treatment. In addition to their oral route of administration, they have the potential to treat anemia in a more physiological manner by maintaining endogenous EPO levels close to the normal physiological range. Several programs are currently underway to identify small‐molecule HIF‐PH inhibitor drug candidates (Figure [2](#cmdc201700783-fig-0002){ref-type="fig"}).[7](#cmdc201700783-bib-0007){ref-type="ref"}

![Other advanced small‐molecule oral HIF‐PH inhibitors currently in clinical development.](CMDC-13-988-g002){#cmdc201700783-fig-0002}

Herein we describe the discovery, SAR, and proposed binding mode of novel 2,4‐diheteroaryl‐1,2‐dihydro‐3*H*‐pyrazol‐3‐ones as HIF‐PH inhibitors, starting with the high‐throughput screening (HTS) hit BAY‐908 (**1**). Lead optimization efforts resulted in the discovery of molidustat (BAY 85‐3934, **45**), a novel, small‐molecule, orally bioavailable HIF‐PH inhibitor currently being investigated in clinical phase III trials for the treatment of anemia in patients with CKD.

Results and Discussion {#cmdc201700783-sec-0002}
======================

Screening cascade and hit evaluation {#cmdc201700783-sec-0003}
------------------------------------

Almost one million compounds were tested for their potential activity as HIF‐PH inhibitors in a biochemical HTS, designed in‐house for 96‐ and 384‐well plate formats.[8](#cmdc201700783-bib-0008){ref-type="ref"}, [9](#cmdc201700783-bib-0009){ref-type="ref"} This assay was based on the interaction between a hydroxylated HIF‐derived peptide (comprising amino acids 556--574) and a europium‐labeled recombinant VBC complex. Potential HIF‐PH inhibitors that suppressed the hydroxylation of HIF‐proline 564 by human HIF‐PH, and thereby attenuating the binding of VBC, were detected by reduction of fluorescence intensity. Optimization of cofactor concentrations 2‐OG, Fe^2+^ and ascorbate led to a robust and highly reproducible assay.[9](#cmdc201700783-bib-0009){ref-type="ref"} Almost 500 confirmed screening hits were identified in the HTS, among which BAY‐908 (**1**, Figure [3](#cmdc201700783-fig-0003){ref-type="fig"}) was the most promising, showing sub‐micromolar potency.

![Concentration‐response curves of HIF‐PH activity at Fe^2+^ concentrations of 3 μ[m]{.smallcaps} and 30 μ[m]{.smallcaps} (30 μ[m]{.smallcaps} indicated by dotted lines). While IC~50~ values of BAY‐908 (**1**) remained below the concentration of Fe^2+^, concentrations of compound **2** beyond the free iron concentration were required to achieve inhibition of the enzyme (IC~50~ shifts indicated by arrows).](CMDC-13-988-g003){#cmdc201700783-fig-0003}

A HIF‐reporter cell‐based assay measuring stabilization of endogenous HIF was used as a secondary assay. This assay used a recombinant A549 lung carcinoma cell, which was stably transfected with a construct expressing firefly luciferase under the control of a hypoxia‐responsive element tandem from the vascular endothelial growth factor (VEGF) promoter (HIFRE2).[8](#cmdc201700783-bib-0008){ref-type="ref"} BAY‐908 (**1**) displayed an EC~50~ of 4.9 μ[m]{.smallcaps} in this assay, being 5‐ and 10‐fold more potent than the nonspecific reference compounds deferoxamine (DFO, EC~50~≈25 μ[m]{.smallcaps}) and cobalt chloride (CoCl~2~, EC~50~≈50 μ[m]{.smallcaps}), respectively.

The induction of HIF‐1α was examined in human HeLa cell cultures. HIF‐1α was detected in cells exposed to concentrations of compound **1** \>0.25 μ[m]{.smallcaps}.

In human hepatoma HuH cells, compound **1** induced EPO mRNA with an EC~50~ of 1.9 μ[m]{.smallcaps} and led to a threefold increase in EPO concentration in the supernatant compared with baseline.

In mice, BAY‐908 (**1**) increased EPO mRNA and plasma EPO levels after intraperitoneal (i.p.) and oral (p.o.) administration. Plasma EPO increased from ≈120 pg mL^−1^ to ≈900 pg mL^−1^ after p.o. treatment with 100 mg kg^−1^ of compound **1**. Plasma EPO concentration also increased in rats after oral dosing with BAY‐908 50 mg kg^−1^.

It was assumed that BAY‐908 (**1**) preferentially binds to the Fe^2+^ in the active site of HIF‐PHs, thereby competing with 2‐OG. This hypothesis was corroborated by competition experiments with compound **1** and 2‐OG, in which the potency of compound **1** decreased with increasing 2‐OG concentration and vice versa. By contrast, large variations in Fe^2+^ concentration in the reaction buffer resulted in only minor changes in the potency of the inhibitor (Figure [3](#cmdc201700783-fig-0003){ref-type="fig"}). IC~50~ values of compound **1** always remained below the concentration of Fe^2+^. Thus it could be concluded that the inhibitory activity of compound **1** was not occurring through the removal of the iron cation cofactor by stoichiometric chelation.[10](#cmdc201700783-bib-0010){ref-type="ref"} Structurally, this iron independency of compound **1** could be attributed to the 3‐pyridyl moiety, because the corresponding phenyl derivative **2** behaved more like a typical iron chelator, with a shift in IC~50~ strongly dependent on the concentration of free iron in the media. For compound **2**, concentrations greater than the free iron concentration were required to achieve inhibition of the enzyme (Figure [3](#cmdc201700783-fig-0003){ref-type="fig"}).

The compounds of our chemical series can exist principally as the pyrazolone or pyrazolol tautomer (Figure [4](#cmdc201700783-fig-0004){ref-type="fig"}).[11](#cmdc201700783-bib-0011){ref-type="ref"} In the solid state, a small‐molecule X‐ray crystal structure of BAY‐908 (**1**) revealed the pyrazolol tautomer, indicated by the presence of a hydroxy hydrogen atom and a stabilizing intramolecular hydrogen bond from O−H to pyridine‐N with O⋅⋅⋅N distance of 2.62 Å (see Supporting Information). In solution, a solvent‐dependent tautomeric equilibrium between the pyrazolone and pyrazolol tautomers can be expected, with the pyrazolol tautomer stabilized by a hydrogen bond similar to that observed in the solid state (Figure [4](#cmdc201700783-fig-0004){ref-type="fig"}).

![Pyrazolone--pyrazolol tautomerism of compound **1**.[11](#cmdc201700783-bib-0011){ref-type="ref"}](CMDC-13-988-g004){#cmdc201700783-fig-0004}

To gain more insight into the different iron‐chelating properties of compounds **1** and **2**, p*K* ~a~ values[12](#cmdc201700783-bib-0012){ref-type="ref"} were determined and iron(II) coordination studies were conducted in aqueous solution.[13](#cmdc201700783-bib-0013){ref-type="ref"} Compound **2** had a p*K* ~a~ of 6.0, whereas p*K* ~a~ values for compound **1** were 4.5 and 6.5 (Table [1](#cmdc201700783-tbl-0001){ref-type="table-wrap"}).

###### 

Summary of key in vitro parameters for the screening hit BAY‐908 (**1**) (X=N) compared with the phenyl analogue **2** (X=CH).

   ![](CMDC-13-988-g020.jpg "image")                           
  ----------------------------------- ------ ----- ----- ----- ---------
                 **1**                0.43   4.9   0.6   5.8   4.5/6.5
                 **2**                5.4    5.9   2.7   2.6   6.0

\[a\] Biochemical enzyme assay; for standard conditions, see Ref. [14](#cmdc201700783-bib-0014){ref-type="ref"}. \[b\] HIF‐reporter cell assay; for a detailed description, see Ref. [9](#cmdc201700783-bib-0009){ref-type="ref"}. \[c\] Lipophilic binding efficiency, LipE=pIC~50~−log*D* ~7.5~; see also Ref. [15](#cmdc201700783-bib-0015){ref-type="ref"}.
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The binding behavior of the deprotonated compound **2** toward Fe^2+^ was similar to that of typical iron(II) chelators such as 2,2′‐bipyridine and 1,10‐phenanthroline,[16](#cmdc201700783-bib-0016){ref-type="ref"} whereas BAY‐908 (**1**) did not show the typical iron(II)‐chelating properties, but a more complex, pH‐dependent behavior (Supporting Information). It was concluded from these experiments that both compounds needed to be deprotonated for efficient iron chelation. However, these observations in aqueous solution were not sufficient to explain the different shapes of the concentration‐response curve in vitro (Figure [3](#cmdc201700783-fig-0003){ref-type="fig"}). The main reason for the smaller iron‐dependent IC~50~ shift of BAY‐908 (**1**) compared with compound **2** (Figure [3](#cmdc201700783-fig-0003){ref-type="fig"}) was assumed to be the more favorable interaction of BAY‐908 (**1**) with the HIF‐PH target enzyme, resulting in a minimized impact of free iron on potency.

BAY‐908 (**1**) and compound **2** also showed different behaviors in in vivo experiments in mice. BAY‐908 (**1**) induced an increase in hematocrit and reticulocytes in mice similar to that induced by rhEPO. In contrast, compound **2** was inactive with respect to an increase in hematocrit, although a small increase in plasma EPO was seen 4 h after administration. Oral administration of BAY‐908 (**1**) to rats did not result in any increased elimination of iron via urine, in contrast to the iron chelator DFO administered parenterally (data not shown).

### Proposed binding mode of screening hit BAY‐908 (1) {#cmdc201700783-sec-0004}

Four X‐ray crystal structures of the catalytic domain of human PHD2 in complex with small‐molecule inhibitors were available in the Protein Data Bank at the time of searching.[17](#cmdc201700783-bib-0017){ref-type="ref"} Like other 2‐OG oxygenases, PHD2 shows a double‐stranded α‐helix fold. The binding site contains a ferrous iron coordinated by two histidine and one aspartate residue (Figure [5](#cmdc201700783-fig-0005){ref-type="fig"}). Because we were unable to produce an X‐ray structure of PHD2 with BAY‐908, docking studies were performed using a published structure (PDB ID: <https://www.rcsb.org/structure/2G19>).[18](#cmdc201700783-bib-0018){ref-type="ref"}

![Proposed binding mode: structure of BAY‐908 (**1**) docked into X‐ray structure of PHD2. Docking was performed with the electron‐neutral pyrazolol tautomer for technical reasons. Dotted lines indicate iron coordination (additional coordination to His313 and H~2~O not shown).](CMDC-13-988-g005){#cmdc201700783-fig-0005}

After protein preparation and ligand extraction, docking studies using Glide SP (Schrödinger LLC)[19](#cmdc201700783-bib-0019){ref-type="ref"} were performed, as well as manual docking combined with energy minimizations. BAY‐908 (**1**) was docked as the electron‐neutral pyrazolol tautomer.

Docking results suggested bidentate iron binding, involving one core nitrogen and the nitrogen of the neighboring 2‐pyridyl ring, forming a five‐membered ring with the Fe^2+^ cation. Because technical limitations prevented the docking of deprotonated structures, there was no further indication as to whether binding to enzymatic iron was in fact taking place via the more plausible pyrazolate anion species, as suggested by the iron‐binding studies performed in aqueous solution.

An alternative binding mode, in which the core hydroxy group and the nitrogen of the neighboring 2‐pyridyl ring formed a six‐membered ring with the Fe^2+^ cation, seemed unlikely owing to steric hindrance of the resulting conformer within the binding pocket. The deep part of the PHD2 active site was assumed to be occupied by the 3‐pyridyl ring of BAY‐908 (**1**) (Figure [5](#cmdc201700783-fig-0005){ref-type="fig"}).

It was initially assumed that the nitrogen in the 3‐pyridyl ring was mimicking the 5‐carboxylate of the 2‐OG co‐substrate by binding to a basic residue of the prolyl hydroxylase enzyme via a hydrogen bond.[20](#cmdc201700783-bib-0020){ref-type="ref"} However, to accommodate the 3‐pyridyl moiety, the conformation of the Arg383 side chain had to be manually adapted. Consequently, an electrostatic interaction with Arg383 involving the π‐system of the 3‐pyridyl ring seemed more plausible. The 2‐pyridine moiety was assumed to be pointing toward the opening of the binding pocket, possibly stabilized by an edge‐to‐face interaction with Trp389 (Figure [5](#cmdc201700783-fig-0005){ref-type="fig"}). No direct hydrogen bond between Tyr303 and the pyrazolol hydroxy group could be observed for compound **1**, but the distance and angles suggested a possible indirect hydrogen bond mediated by water molecules (Figure [5](#cmdc201700783-fig-0005){ref-type="fig"}).

Lead optimization {#cmdc201700783-sec-0005}
-----------------

Screening hit BAY‐908 (**1**) was chosen as a starting point for further lead optimization. Apart from showing largely iron‐independent in vitro potency (IC~50~=0.43 μ[m]{.smallcaps}, EC~50~=4.9 μ[m]{.smallcaps}, Table [1](#cmdc201700783-tbl-0001){ref-type="table-wrap"}) and promising in vivo efficacy (EPO induction in mice, see above), it displayed a clean cytochrome P450 (CYP) profile and a favorable selectivity profile in a lead candidate profiling panel covering a wide range of targets.

Pharmacokinetic (PK) studies of BAY‐908 (**1**) in rats revealed a moderate to high blood clearance of 2.9 L (h kg)^−1^ and an oral bioavailability of 35 %.[21](#cmdc201700783-bib-0021){ref-type="ref"} Owing to the very low aqueous solubility of \<1 mg L^−1^ from crystalline material, bioavailability dropped to only 9 % when the compound was administered as a methyl‐hydroxyethyl cellulose (Tylose) suspension.[22](#cmdc201700783-bib-0022){ref-type="ref"} However, the low molecular weight (238 g mol^−1^) and low lipophilicity (log*D* ~7.5~=0.6, Table [1](#cmdc201700783-tbl-0001){ref-type="table-wrap"})[23](#cmdc201700783-bib-0023){ref-type="ref"} resulted in a high ligand binding efficiency index (BEI=26.7)[24](#cmdc201700783-bib-0024){ref-type="ref"} and lipophilic binding efficiency (LipE=5.8), making BAY‐908 (**1**) an attractive starting point for derivatizations. Derivatives were generally found to be pan‐HIF‐PH inhibitors, showing little selectivity for PHD subtypes. IC~50~ values presented here refer to PHD1 inhibition, for which the most comprehensive dataset was obtained.

### SAR of the core moiety {#cmdc201700783-sec-0006}

Structural changes at the core of the molecule turned out to have a strong influence on potency (showing a steep SAR). A set of variations is shown in Table [2](#cmdc201700783-tbl-0002){ref-type="table-wrap"}.

###### 

SAR of the core moiety of the HIF‐PH inhibitors. The pyridyl moieties were kept constant, as shown for compound **1**.

  ![](CMDC-13-988-g021.jpg "image")                                       
  ----------------------------------- ----------------------------------- ------
  **3**                               ![](CMDC-13-988-g022.jpg "image")   3.5
  **4**                               ![](CMDC-13-988-g023.jpg "image")   24
  **5** ^\[b\]^                       ![](CMDC-13-988-g024.jpg "image")   7.5
  **6**                               ![](CMDC-13-988-g025.jpg "image")   \>50
  **7**                               ![](CMDC-13-988-g026.jpg "image")   \>50
  **8**                               ![](CMDC-13-988-g027.jpg "image")   \>50
  **9**                               ![](CMDC-13-988-g028.jpg "image")   \>50
  **10**                              ![](CMDC-13-988-g029.jpg "image")   \>50

\[a\] IC~50~ values refer to PHD1. \[b\] The compound was isolated and tested as the HCl salt.
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The introduction of a methyl group in the 5‐pyrazolone position resulted in a significant loss in activity of one magnitude (compound **3**, IC~50~=3.5 μ[m]{.smallcaps}), and the introduction of an extra nitrogen in the ring further decreased inhibitory activity (1,2,3‐triazol‐4‐one **4**, IC~50~=24 μ[m]{.smallcaps}). Attempts to introduce bioisosteres as replacements for the pyrazolone keto group led to the weakly active thione **5** (IC~50~=7.5 μ[m]{.smallcaps}) and amine **6** (IC~50~\>50 μ[m]{.smallcaps}). This might be due to the decreased ability to form a water‐mediated hydrogen bond with Tyr303. Furthermore, the modification of the electronic properties of the pyrazolone core associated with the keto group replacement might be detrimental to the coordination between the iron ion and the inhibitor. In general, the ability of the core moiety to form an anion and the distribution of a negative charge in the core seems to be important for activity. Likewise, the 1,2,4‐triazol‐3‐one **7** and methyl ether **8** both showed IC~50~ values \>50 μ[m]{.smallcaps}. Methylation of the nitrogen in the 1‐position (example **9**) led to an IC~50~\>50 μ[m]{.smallcaps}, plausibly owing to loss of iron‐binding ability. Pyrimidine derivative **10** with an IC~50~ value \>50 μ[m]{.smallcaps} underlined the steepness of the SAR of the core moiety.

### SAR of the 2‐pyridyl moiety of the molecule ("right‐hand side") {#cmdc201700783-sec-0007}

A set of variations on the right‐hand side of the molecule is depicted in Table [3](#cmdc201700783-tbl-0003){ref-type="table-wrap"}. A wider range of structural changes, including polar substituents, was tolerated. However, the position of the 2‐pyridyl nitrogen proved to be crucial for activity. A partial methyl scan around the 2‐pyridyl group indicated a preference for substituents at position 4 (**11**, IC~50~=0.34 μ[m]{.smallcaps}), followed by position 5 (**12**, IC~50~=1.7 μ[m]{.smallcaps}). Introduction of a methyl group in position 6 (compound **13**), next to the pyridine nitrogen, resulted in a weakly active compound (IC~50~=8.9 μ[m]{.smallcaps}), possibly owing to steric hindrance. Other rings containing a nitrogen in position 2, such as 1,3,4‐thiadiazole **14** (IC~50~=4.3 μ[m]{.smallcaps}) and pyrazine **15** (IC~50~=0.93 μ[m]{.smallcaps}), were tolerated. Various substituents with different steric and electronic properties were tolerated at position 4 of the pyridine ring (examples **16**--**19**).

###### 

SAR of the 2‐pyridyl moiety of the HIF‐PH inhibitors ("right‐hand side"). The core and 3‐pyridyl moiety of the molecule were kept constant, as shown for compound **1**.

  ![](CMDC-13-988-g030.jpg "image")                                       
  ----------------------------------- ----------------------------------- ------
  **11**                              ![](CMDC-13-988-g031.jpg "image")   0.34
  **12** ^\[b\]^                      ![](CMDC-13-988-g032.jpg "image")   1.7
  **13**                              ![](CMDC-13-988-g033.jpg "image")   8.9
  **14**                              ![](CMDC-13-988-g034.jpg "image")   4.3
  **15** ^\[b\]^                      ![](CMDC-13-988-g035.jpg "image")   0.93
  **16**                              ![](CMDC-13-988-g036.jpg "image")   1.9
  **17** ^\[b\]^                      ![](CMDC-13-988-g037.jpg "image")   1.5
  **18** ^\[b\]^                      ![](CMDC-13-988-g038.jpg "image")   2.9
  **19** ^\[b\]^                      ![](CMDC-13-988-g039.jpg "image")   0.86
  **20**                              ![](CMDC-13-988-g040.jpg "image")   0.88
  **21** ^\[b\]^                      ![](CMDC-13-988-g041.jpg "image")   0.92
  **22** ^\[b\]^                      ![](CMDC-13-988-g042.jpg "image")   1.5
  **23** ^\[b\]^                      ![](CMDC-13-988-g043.jpg "image")   0.18
  **24** ^\[b\]^                      ![](CMDC-13-988-g044.jpg "image")   0.49
  **25**                              ![](CMDC-13-988-g045.jpg "image")   0.65
  **26** ^\[b\]^                      ![](CMDC-13-988-g046.jpg "image")   0.86
  **27** ^\[b\]^                      ![](CMDC-13-988-g047.jpg "image")   1.1

\[a\] IC~50~ values refer to PHD1. \[b\] The compound was isolated and tested as the HCl salt.
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The trifluoromethyl derivative **16** (IC~50~=1.9 μ[m]{.smallcaps}) was less potent than the methyl analogue **11** (IC~50~=0.34 μ[m]{.smallcaps}), whereas the hydroxymethyl derivative **17** (IC~50~=1.5 μ[m]{.smallcaps}) displayed higher potency than the corresponding benzyloxymethyl analogue **18** (IC~50~=2.9 μ[m]{.smallcaps}). In general, heteroatom substitution at position 4 of the pyridyl moiety often provided potent compounds, as illustrated by examples **19**--**23**. Notably, analogously substituted pyridines and pyrimidines appeared to be similarly potent in the case of methoxy‐substituted pyridine **19** (IC~50~=0.86 μ[m]{.smallcaps}) and pyrimidine **20** (IC~50~=0.88 μ[m]{.smallcaps}). Amino substituents at this position were also well tolerated (**21**--**23**, IC~50~ values between 0.18 μ[m]{.smallcaps} and 1.5 μ[m]{.smallcaps} and EC~50~ values between 4 μ[m]{.smallcaps} and 13 μ[m]{.smallcaps}). Investigations into the in vivo activity of amines **21**--**23** revealed a marked increase in EPO plasma concentration in mice following i.p. application, but not after p.o. application, suggesting unfavorable oral PK properties.

Evaluation of position 5 of the pyridyl ring (examples **24**--**27**) revealed that both lipophilic and hydrophilic groups were generally tolerated. Carboxylic acid **24** proved to be potent in the biochemical assay (IC~50~=0.49 μ[m]{.smallcaps}), but showed significantly decreased potency in the cellular assay (EC~50~\>20 μ[m]{.smallcaps}), probably because of diminished cell permeability. Potency in the cellular assay was regained via formation of the corresponding ethyl ester **25** (IC~50~=0.65 μ[m]{.smallcaps}, EC~50~=5.3 μ[m]{.smallcaps}). The corresponding alcohol **26** (IC~50~=0.86 μ[m]{.smallcaps}, EC~50~=13.4 μ[m]{.smallcaps}) was of interest owing to a highly improved solubility (4.8 g L^−1^ as the hydrochloride) and was therefore selected for a more detailed characterization. The CYP profile of compound **26** proved to be favorable. In PK studies in rats, compound **26** displayed a moderate blood clearance of 1.5 L (h kg)^−1^ and a bioavailability of 55 %.[25](#cmdc201700783-bib-0025){ref-type="ref"} The EPO concentration in mice (≈2000 pg mL^−1^) was higher than for compound **1** (≈900 pg mL^−1^).[26](#cmdc201700783-bib-0026){ref-type="ref"} However, further investigations revealed that the corresponding carboxylic acid **24** was the main metabolite in human hepatocytes and in in vivo PK studies. In a monkey PK study, 70 % of compound **26** was converted into its metabolite **24** excreted with urine. Compound **26** was not pursued any further because of the complex PK‐pharmacodynamic relationship and a possible accumulation issue of active metabolite **24** in patients with CKD.

### SAR of the 3‐pyridyl moiety of the molecule ("left‐hand side") {#cmdc201700783-sec-0008}

A set of variations on the 3‐pyridyl moiety of the molecule is depicted in Table [4](#cmdc201700783-tbl-0004){ref-type="table-wrap"}. Generally, only ring systems with a nitrogen atom with 1,3‐distance to the adjacent core moiety seemed to show the desired profile of iron‐independent potency. An initial methyl scan (examples **28**--**31**) revealed a preference for substituents at positions 2 and 4 over positions 5 and 6. Larger groups than methyl were less well tolerated. This was in line with our assumption that the 3‐pyridyl moiety was pointing into the deep part of the HIF‐PH binding pocket, not permitting bulky substituents. The potencies of trifluoromethyl‐substituted compound **32** (IC~50~=2.1 μ[m]{.smallcaps}) and methyl‐substituted compound **31** (IC~50~=3.2 μ[m]{.smallcaps}) were in similar ranges. A marked increase in potency was observed after introducing methoxy and cyano groups at position 6 (IC~50~=0.19 μ[m]{.smallcaps} for **33** and IC~50~=0.1 μ[m]{.smallcaps} for **34**). As an explanation for the improved potency of the electron‐deficient cyano compound **34**, an enhanced electrostatic interaction between the electron‐withdrawing substituents at the left‐hand side aromatic ring and Arg383 was discussed. For electron‐donating methoxy derivative **33**, an interaction of the π‐cation‐type might occur. Notably, a shift of the cyano group from position 6 (compound **34**) to position 5 (compound **35**) led to a tenfold drop in potency (IC~50~=1.0 μ[m]{.smallcaps} for compound **35**). This surprising SAR finding proved to be difficult to rationalize by means of molecular modeling in the absence of a co‐crystal structure.

###### 

SAR of the 3‐pyridyl moiety of the HIF‐PH inhibitors ("left‐hand side"). The core and 2‐pyridyl moiety of the molecule were kept constant, as shown for compound **1**.
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\[a\] IC~50~ values refer to PHD1. \[b\] The compound was isolated and tested as the HCl salt.
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Other heteroaromatic rings were introduced as pyridine replacements on the left‐hand side of the molecule. Pyrazine derivative **36** was only weakly potent (IC~50~=28 μ[m]{.smallcaps}), but five‐membered heteroaromatic rings (**37**--**43**) proved to be more potent in the biochemical assay. When imidazole **37** (IC~50~=0.98 μ[m]{.smallcaps}) was substituted with trifluoromethyl and methyl groups at position 4 (compounds **38** and **39**), a strong influence of electronegativity on potency was revealed. The introduction of the electron‐withdrawing trifluoromethyl group in the 4‐position resulted in the potent imidazole **38** (IC~50~=0.15 μ[m]{.smallcaps}), whereas substitution with the electron‐donating methyl group led to the less potent example **39** (IC~50~=2.0 μ[m]{.smallcaps}). Interestingly, moving the methyl group from position 4 to position 2 (example **40**) further decreased potency (IC~50~=15 μ[m]{.smallcaps} for compound **40**). The potency of 1,2,3‐triazole **41** (IC~50~=0.79 μ[m]{.smallcaps}) was in a similar range to that of the corresponding imidazole **37** (IC~50~=0.98 μ[m]{.smallcaps}). However, both **37** and **41** showed far less potency in the cellular assay, with EC~50~ values slightly above 20 μ[m]{.smallcaps}. EPO induction in mice after i.p. and p.o. application was investigated for imidazole **37**, but proved to be less pronounced than for screening hit BAY‐908 (**1**). Surprisingly, the introduction of a methyl group at position 4 gave a more potent triazole derivative (example **42**, IC~50~=0.33 μ[m]{.smallcaps}) than compound **41**. This contrasts with the effect of a methyl group in the analogous position on the corresponding imidazole **39** (IC~50~=2.0 μ[m]{.smallcaps}). 1,2,4‐Thiadiazole **43** displayed an IC~50~ of 1.2 μ[m]{.smallcaps}, completing the multifactorial SAR on the left‐hand side of the molecule.

### SAR extension and discovery of molidustat (BAY 85‐3934, 45) {#cmdc201700783-sec-0009}

In addition to the single‐point modifications starting from screening hit BAY‐908 (**1**) (Tables [2](#cmdc201700783-tbl-0002){ref-type="table-wrap"}--[4](#cmdc201700783-tbl-0004){ref-type="table-wrap"}), hundreds more diarylpyrazolone‐type analogues were synthesized by combining different left‐ and right‐hand side heteroaryl variations, while keeping the pyrazolone core moiety constant.[27](#cmdc201700783-bib-0027){ref-type="ref"} After detailed investigations of the in vitro and in vivo pharmacological, physicochemical, PK, metabolic and early safety properties of these compounds (data not shown), certain combinations of imidazoles and 1,2,3‐triazoles (left‐hand side) and amino‐substituted pyrimidines (right‐hand side) were identified with improved overall profiles. Notably, EPO concentrations in mice after p.o. administration were generally higher for certain combinations (e.g., compounds **44** and **45**, see below) than for the single‐point modifications described above (e.g., compounds **21**--**23** and **37**). Piperidinyl derivative **44** (Figure [6](#cmdc201700783-fig-0006){ref-type="fig"}) displayed an IC~50~ value of 0.5 μ[m]{.smallcaps} (EC~50~=4.9 μ[m]{.smallcaps}) and increased solubility in water (520 mg L^−1^), compared with compound **1** (\<1 mg L^−1^). With a low molecular weight of 311 g mol^−1^ and a log*D* ~7.5~ of 1.0, the binding efficiencies of derivative **44** (LipE=5.3, BEI=20.2) were similar to those of BAY‐908 (**1**). PK studies of compound **44** in rats revealed a low to moderate blood clearance of 1.3 L (h kg)^−1^ and a bioavailability of 39 %.[28](#cmdc201700783-bib-0028){ref-type="ref"} Notably, when administering compound **44** as a Tylose suspension, the bioavailability remained unchanged, reflecting the improved aqueous solubility of compound **44** compared with screening hit BAY‐908 (**1**).[29](#cmdc201700783-bib-0029){ref-type="ref"} In rat plasma, an unbound fraction of 16 % was determined.

![Compounds **44** and **45** (molidustat, BAY 85‐3934), combining imidazole/1,2,3‐triazole (left‐hand side) with cyclic amino‐substituted pyrimidines (right‐hand side).](CMDC-13-988-g006){#cmdc201700783-fig-0006}

The EPO concentration in mice following oral administration of compound **44** was higher (≈3000 pg mL^−1^) than that observed after administration of compound **26** (≈2000 pg mL^−1^).[26](#cmdc201700783-bib-0026){ref-type="ref"} Likewise, an improved EPO concentration in rats was observed (Figure [7](#cmdc201700783-fig-0007){ref-type="fig"}). However, the early safety and CYP profiles of compound **44** were not optimal.

![Plasma erythropoietin levels in rats at 4 h after oral dosing of compounds **1**, **44** and **45** (molidustat).](CMDC-13-988-g007){#cmdc201700783-fig-0007}

A further optimized compound emerged with derivative **45** (BAY 85‐3934), as a combination of a 1,2,3‐triazole (left‐hand side) and a morpholinyl‐substituted pyrimidine (right‐hand side, Figure [6](#cmdc201700783-fig-0006){ref-type="fig"}). Compound **45** displayed an IC~50~ value of 0.49 μ[m]{.smallcaps} in the biochemical assay.[30](#cmdc201700783-bib-0030){ref-type="ref"} The potency was independent of variations in the concentration of Fe^2+^ in the assay buffer.[31](#cmdc201700783-bib-0031){ref-type="ref"} In the cellular assay, compound **45** showed an EC~50~ of 8.4 μ[m]{.smallcaps}. A low molecular weight (314 g mol^−1^) and low lipophilicity (log*D* ~7.5~=0.27) resulted in high binding efficiencies (LipE=6.1, BEI=20.1). A p*K* ~a~ of 4.4 and an increased solubility of crystalline material in water (140 mg L^−1^) compared with BAY‐908 (**1**) (\<1 mg L^−1^) were recorded.

Compound **45** showed a favorable CYP profile toward major CYP isoforms and a favorable selectivity profile in a lead profiling screen comprising a broad range of targets including 2‐OG‐dependent dioxygenases, metalloenzymes, nuclear hormone receptors and cell surface receptors.

PK studies of compound **45** in rats revealed a low to moderate blood clearance of 1.1 L (h kg)^−1^ and an oral bioavailability of 34 % (Table [5](#cmdc201700783-tbl-0005){ref-type="table-wrap"}).[32](#cmdc201700783-bib-0032){ref-type="ref"} The bioavailability remained unchanged when the compound was administered as a Tylose suspension.[33](#cmdc201700783-bib-0033){ref-type="ref"} In rat plasma, an unbound fraction of 34 % was determined.

###### 

Pharmacokinetics of molidustat (BAY 85‐3934, **45**).

  Species:                                    Rat       Dog       Monkey
  ----------------------- ------------------- --------- --------- ------------
  **Dose (i.v.)**         **\[mg kg^−1^\]**   **5**     **3**     **1**
  AUC~norm~               \[kg h L^−1^\]      1.3       1.3       1.4
  CL^\[a\]^               \[L (h kg)^−1^\]    1.1 (b)   1.1 (b)   0.70 (p)
  *V* ~ss~                \[L kg^−1^\]        0.62      0.78      0.52
  *t* ~1/2~ term^\[b\]^   \[h\]               3.1       2.7       N/A^\[d\]^
                                                                  
  **Dose (p.o.)**         **\[mg kg^−1^\]**   **5**     **1.5**   **1**
  AUC~norm~               \[kg h L^−1^\]      0.44      0.92      0.87
  *F*                     \[%\]               34        71        61
  *t* ~1/2~ term^\[c\]^   \[h\]               3.0       2.2       N/A^\[d\]^

\[a\] (b)=blood clearance; (p)=plasma clearance; \[b\] Terminal half‐life referring to intervals 5--9 h (rat) and 5--24 h (dog); *t* ~1/2~ term for monkey was not calculated because concentrations at late timepoints were below the limit of quantification. \[c\] Terminal half‐life referring to intervals 4--24 h (rat) and 5--15 h (dog); *t* ~1/2~ term for monkey was not calculated because concentrations at late timepoints were below the limit of quantification. \[d\] Not applicable.
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In mice, compound **45** showed an unexpectedly high plasma EPO induction (≈4000 pg mL^−1^), which was even higher than previously observed for compound **44** (≈3000 pg mL^−1^).[26](#cmdc201700783-bib-0026){ref-type="ref"} Very high EPO induction was also observed in rats (Figure [7](#cmdc201700783-fig-0007){ref-type="fig"}, comparison with compounds **1** and **44**).

Based on its improved overall profile, compound **45** was selected as a clinical drug candidate and later received the international nonproprietary name (INN) molidustat. A comprehensive pharmacological characterization of molidustat (BAY 85‐3934, **45**) has recently been published.[9](#cmdc201700783-bib-0009){ref-type="ref"}

### Proposed binding mode of molidustat (BAY 85‐3934, 45) {#cmdc201700783-sec-0010}

The pyrazolol tautomer of molidustat (BAY 85‐3934, **45**) was docked into the active site of PHD2 (PDB ID: <https://www.rcsb.org/structure/2G19>, Figure [8](#cmdc201700783-fig-0008){ref-type="fig"}, green carbon atoms).[19](#cmdc201700783-bib-0019){ref-type="ref"}, [20](#cmdc201700783-bib-0020){ref-type="ref"} Similar to BAY‐908 (**1**), bidentate iron binding was assumed to occur via the ring nitrogen atoms of the pyrazolol core and the adjacent pyrimidine ring, forming a five‐membered ring with the Fe^2+^ cation. As described above, technical limitations prohibited the docking of deprotonated structures. As for BAY‐908 (**1**) (Figure [5](#cmdc201700783-fig-0005){ref-type="fig"}), the conformation of the Arg383 side chain had to be manually adapted to accommodate the left‐hand side of the ligand (triazole), which was suggested to point into the deep part of the binding cavity. The resulting, almost parallel arrangement of the triazole moiety with the planar head group of Arg383 suggested again a possible electrostatic interaction between the substituted triazole and Arg383 involving the π‐system of the 3‐pyridyl ring. On the right‐hand side of the ligand, the morpholine moiety seemed to point toward the solvent, possibly stabilized by an edge‐to‐face interaction of the pyrimidine with Trp389. This was in line with the observation that a wider range of substituents was tolerated on the pyrimidine part, including polar, water‐soluble groups (Table [3](#cmdc201700783-tbl-0003){ref-type="table-wrap"}).

![Docked structure of molidustat (BAY 85‐3934, **45**, green carbon atoms) into the X‐ray crystal structure of PHD2 (PDB ID: <https://www.rcsb.org/structure/2G19>, grey carbon atoms) superimposed with a recently published X‐ray crystal structure of PHD2 with the pyrazolol derivative 6‐\[5‐hydroxy‐4‐(1*H*‐1,2,3‐triazol‐1‐yl)‐1*H*‐pyrazol‐1‐yl\]nicotinic acid (PDB ID: <https://www.rcsb.org/structure/5A3U>, yellow carbon atoms). Dotted lines indicate iron coordination (additional coordination to His313 and H~2~O not shown). Docking was performed with the electron‐neutral pyrazolol tautomer of molidustat.](CMDC-13-988-g008){#cmdc201700783-fig-0008}

As for BAY‐908 (**1**), no direct hydrogen bond between Tyr303 and the pyrazolol hydroxy group could be observed for molidustat (BAY 85‐3934, **45**). However, a water‐mediated hydrogen bond would be possible.

Remarkably, key interactions of our proposed binding mode have been corroborated by a recently published X‐ray crystal structure of PHD2 (PDB ID: <https://www.rcsb.org/structure/5A3U>)[34](#cmdc201700783-bib-0034){ref-type="ref"} with a HIF‐PH inhibitor of our compound class (Figure [8](#cmdc201700783-fig-0008){ref-type="fig"}). The structure <https://www.rcsb.org/structure/5A3U> (Figure [8](#cmdc201700783-fig-0008){ref-type="fig"}, yellow carbon atoms) confirms the main assumptions of our proposed binding mode: the general orientation of the ligand in the binding site, bidentate metal binding via the pyrazolol tautomer, flexibility of amino acids in the deep part of the binding cavity to accommodate the triazole moiety, and stabilization of the ligand by π‐interactions of the triazole (left‐hand side) and the pyrimidine/pyridine moieties (right‐hand side). Specifically, as assumed for BAY‐908 (**1**) and molidustat (BAY 85‐3934, **45**), an edge‐to‐face interaction of the right‐hand side aromatic ring of the ligand with Trp389 can be found in <https://www.rcsb.org/structure/5A3U>. The π‐π interaction of the triazole is directed toward Tyr303 in the structure <https://www.rcsb.org/structure/5A3U> (and not toward Arg383, as assumed in our studies), revealing an even higher protein flexibility in the deep part of the binding cavity than expected. Furthermore, a direct hydrogen bond from Tyr303 to the pyrazolol core of the ligand can be found in the structure <https://www.rcsb.org/structure/5A3U>.

Syntheses {#cmdc201700783-sec-0011}
---------

### Synthesis of the examples of Table [2](#cmdc201700783-tbl-0002){ref-type="table-wrap"} {#cmdc201700783-sec-0012}

Synthesis of BAY‐908 (**1**) was achieved starting from ethyl pyridin‐3‐ylacetate (**46**) via methods A and B (Scheme [1](#cmdc201700783-fig-5001){ref-type="fig"}). Condensation with ethyl formate under basic conditions, followed by condensation of the resulting hydroxy‐pyridinyl‐acrylate **47** with 2‐hydrazinopyridine, gave the corresponding hydrazono derivative **48** as an isolated intermediate. Ring closure to compound **1** then proceeded under treatment with sodium ethanolate in ethanol at room temperature (RT), followed by acidification with 1 [n]{.smallcaps} hydrochloric acid (Scheme [1](#cmdc201700783-fig-5001){ref-type="fig"}, *method A*). A shorter route reacted ethyl pyridin‐3‐ylacetate (**46**) with dimethyl formamide diethylacetal, and the resulting dimethylamino acrylate **49** was cyclized to compound **1** using camphorsulfonic acid (Scheme [1](#cmdc201700783-fig-5001){ref-type="fig"}, *method B*).

![Synthesis of compound **1**: a) NaH, 18‐K‐6, toluene, RT→85 °C, then HC(O)OEt, RT→90 °C, 67 %; b) 2‐hydrazinopyridine, EtOH, RT, 93 %; c) NaOEt, EtOH, RT; then HCl, 85 %; d) (Me)~2~NCH(OEt)~2~, 100 °C, 70 %; e) 2‐hydrazinopyridine, CSA, EtOH, reflux; then NaOEt, RT; then HCl, 83 %. CSA=camphorsulfonic acid.](CMDC-13-988-g009){#cmdc201700783-fig-5001}

Triazolone **4** was synthesized via cyclization of pyridinyl acetamide **51** with 4‐acetamidobenzenesulfonyl azide under non‐optimized conditions (Scheme [2](#cmdc201700783-fig-5002){ref-type="fig"}).

![Synthesis of compound **4**: a) pyridin‐2‐amine, CDI, acetone, RT, 56 %; b) NaOEt, 4‐acetamidobenzenesulfonyl azide, EtOH, 0 °C→RT, 3 %. CDI=*N*,*N*′‐dicyclohexylcarbodiimide.](CMDC-13-988-g010){#cmdc201700783-fig-5002}

Starting from dimethylamino acrylate **49**, propenethioate **52** was obtained using Lawesson\'s reagent. Condensation with 2‐hydrazinopyridine yielded the thione compound **5**. The synthesis of amino derivative **6** started from 2‐pyridin‐3‐ylacetonitrile **53**, which was transformed into hydroxyacrylonitrile **54** before condensation with 2‐hydrazinopyridine to yield amino derivative **6** (Scheme [3](#cmdc201700783-fig-5003){ref-type="fig"}).

![Synthesis of compounds **5** and **6**: a) Lawesson\'s reagent, toluene, reflux, 17 %; b) 2‐hydrazinopyridine, EtOH, CSA, reflux, 4 %; c) NaH, 18‐K‐6, toluene, RT→90 °C, then HC(O)OEt, RT→90 °C, 46 %; d) 2‐hydrazinopyridine, EtOH, RT→80 °C, then NaOEt, RT, 13 %.](CMDC-13-988-g011){#cmdc201700783-fig-5003}

3*H*‐1,2,4‐Triazol‐3‐one **7** was obtained via initial formylation of 2‐hydrazinopyridine to give **55**, followed by addition of 3‐isocyanatopyridine, yielding the open‐chained precursor **56**. Subsequent cyclization under basic conditions gave **7** under non‐optimized conditions (Scheme [4](#cmdc201700783-fig-5004){ref-type="fig"}).

![Synthesis of compound **7**: a) 3‐isocyanatopyridine, CHCl~3~, 55 °C, 42 %; b) NaOH, MeOH, RT→45 °C, 19 %. Compound **55** was obtained from 2‐hydrazinopyridine under the following conditions: HCO~2~H, RT, 79 %.](CMDC-13-988-g012){#cmdc201700783-fig-5004}

Treatment of compound **1** with methanol under Mitsunobu conditions resulted in both O‐ and N‐alkylation. The methoxy derivative **8** and N‐methylated derivative **9** were obtained in moderate yields following chromatographic separation (Scheme [5](#cmdc201700783-fig-5005){ref-type="fig"}).

![Synthesis of compounds **8** (29 %) and **9** (35 %): a) PPh~3~, MeOH, DIAD, RT, then separation of isomers via column chromatography on silica gel. DIAD=diisopropyl azodicarboxylate.](CMDC-13-988-g013){#cmdc201700783-fig-5005}

The synthesis of pyrimidine derivative **10** was achieved via consecutive palladium‐catalyzed arylation of the dichloro derivative **57**, first with 2‐(tributylstannyl)pyridine and then with pyridin‐3‐ylboronic acid. Finally, the resulting methoxy pyrimidine **59** was hydrolyzed to the hydroxy pyrimidine **10** (Scheme [6](#cmdc201700783-fig-5006){ref-type="fig"}).

![Synthesis of derivative **10**: a) 2‐(tributylstannyl)pyridine, Pd(PPh~3~)~4~ toluene, reflux, 34 %; b) pyridin‐3‐ylboronic acid, Pd(PPh~3~)~2~Cl~2~, NaHCO~3~, dioxane, 80 °C, 43 %; c) NaOH, diethylene glycol, 200 °C, 95 %.](CMDC-13-988-g014){#cmdc201700783-fig-5006}

### Synthesis of representative examples of Table [3](#cmdc201700783-tbl-0003){ref-type="table-wrap"} {#cmdc201700783-sec-0013}

Most of the compounds shown in Table [3](#cmdc201700783-tbl-0003){ref-type="table-wrap"} were directly accessible according to the synthetic routes leading to compound **1** (via *method A* or *method B*, Scheme [1](#cmdc201700783-fig-5001){ref-type="fig"}).[35](#cmdc201700783-bib-0035){ref-type="ref"} Representative syntheses are detailed in Scheme [7](#cmdc201700783-fig-5007){ref-type="fig"}. The 5‐hydroxymethyl derivative **26** was obtained by the direct cyclization of the dimethylamino acrylate **49** with (6‐hydrazinopyridin‐3‐yl) methanol, whereas the isomeric 4‐hydroxymethyl derivative **17** was synthesized via a route involving the cyano derivative **60**, carboxylic acid **61** and methyl ester **62**. The corresponding isomeric 5‐substituted carboxylic acid **24** was obtained by direct cyclization of the dimethylamino acrylate **49** yielding the ethyl ester **25**, followed by saponification. Introduction of the methoxy group in the pyrimidine derivative **20** was achieved via nucleophilic substitution of the corresponding chloride **63** with methanol.

![Synthesis of selected compounds of Table [3](#cmdc201700783-tbl-0003){ref-type="table-wrap"}: a) 2‐hydrazino‐isonicotinonitrile, HOAc, RT, 83 %; b) NaOH, EtOH/H~2~O, reflux, 84 %; c) MeOH, H~2~SO~4~, reflux, 74 %; d) NaBH~4~, CaCl~2~, EtOH, 0 °C→RT, then 1 [n]{.smallcaps} HCl, 63 %; e) 4‐chloro‐6‐hydrazinopyrimidine, HOAc, RT, 77 %; f) MeOH, NaH, THF, TBAI, RT→reflux, 52 %; g) ethyl 6‐hydrazinonicotinate, CSA, EtOH, reflux, 54 %; h) LiOH, 1,4‐dioxane, reflux, 88 %; i) (6‐hydrazinopyridin‐3‐yl)methanol, CSA, EtOH, reflux, 66 %. CSA=camphorsulfonic acid, TBAI=tetrabutylammonium iodide.](CMDC-13-988-g015){#cmdc201700783-fig-5007}

### Synthesis of representative examples of Table [4](#cmdc201700783-tbl-0004){ref-type="table-wrap"} {#cmdc201700783-sec-0014}

Synthetic access to the derivatives shown in Table [4](#cmdc201700783-tbl-0004){ref-type="table-wrap"} was gained by adapting the synthetic routes leading to compound **1** via *method A* or *method B*. Synthesis of the cyano compounds **34** and **35** proceeded via the corresponding halide intermediates and subsequent palladium(0)‐catalyzed cyanation, as shown in Scheme [8](#cmdc201700783-fig-5008){ref-type="fig"}.

![Synthesis of compounds **34** and **35**: a) 2‐hydrazinopyridine, HOAc, RT, 59 %; b) Pd(PPh~3~)~4~, Zn(CN)~2~, DMF, microwave, 190 °C, 12 %; c) 2‐hydrazinopyridine, HOAc, RT, 31 %; d) Pd(PPh~3~)~4~ Zn(CN)~2~, DMF, microwave, 190 °C, 48 %. For syntheses of **64** and **65** see Supporting Information.](CMDC-13-988-g016){#cmdc201700783-fig-5008}

### Synthesis of compounds 44 and 45 (molidustat, BAY 85‐3934) {#cmdc201700783-sec-0015}

The syntheses of compounds **44** and **45** (molidustat, BAY 85‐3934) started with ethyl bromoacetate **68** (Scheme [9](#cmdc201700783-fig-5009){ref-type="fig"}). Nucleophilic substitution with imidazole and 1,2,3‐triazole, respectively, yielded the corresponding imidazolyl acetate **69** and a mixture of isomeric ethyl triazolyl acetates **70** and **71**, respectively. The latter were separated via high‐vacuum distillation. Subsequent synthesis of the dimethylamino acrylates **72** and **73** was performed by addition of *N*,*N*‐dimethylformamide diethyl acetal at 100 °C. Cyclization to the final compounds **44** and **45** was achieved under acidic conditions via the condensation of dimethyl aminoacrylates **72** and **73** with the hydrazine derivatives **77** and **78**.

![Synthesis of compounds **44** and **45** (molidustat, BAY 85‐3934): a) imidazole, NaOEt, EtOH, RT, 81 %; b) 1,2,3‐1*H*‐triazole, NaOEt, EtOH, RT, 50 % for **70** and 28 % for **71**, followed by separation via high‐vacuum distillation; c) (Me)~2~NCH(OEt)~2~, 100 °C, 42 %; d) (Me)~2~NCH(OEt)~2~, 100 °C, 100 %; e) **77**, PTS, EtOAc, reflux, 34 %; f) **78**, TFA, EtOAc, reflux, 71 %; g) piperidine/morpholine, H~2~O, 115 °C/90 °C, 47 % for **75** and 85 % for **76**; h) hydrazine hydrate, EtOH, RT→80 °C/reflux, 69 % for **77** and 68 % for **78**. PTS=4‐toluenesulfonic acid.](CMDC-13-988-g017){#cmdc201700783-fig-5009}

### Scale‐up syntheses of molidustat (45) and molidustat sodium {#cmdc201700783-sec-0016}

For the production of multi‐kilogram amounts, the synthetic route leading to compound **45** (molidustat, BAY 85‐3934) was modified and further improved (Scheme [10](#cmdc201700783-fig-5010){ref-type="fig"}).[36](#cmdc201700783-bib-0036){ref-type="ref"} Accordingly, the pyrimidine intermediate **78** was produced from the 4,6‐dichloropyrimidine **74**, hydrazine hydrate and morpholine as a one‐pot procedure in water as the only solvent. Changing the sequence of processes compared with the initial synthesis (adding first hydrazine and then morpholine) allowed a drastic decrease in the excess of toxic hydrazine hydrate and resulted in a highly pure pyrimidine intermediate with yields of \>70 %.

![Large‐scale synthesis of molidustat (BAY 85‐3934, **45**) and molidustat sodium (**84**): a) NEt~3~, hydrazine hydrate, H~2~O, no work‐up; b) morpholine, NaHCO~3~, H~2~O, heat, 72 % (one‐pot/two steps); c) 1,2,3‐triazole, *N*,*N*‐diisopropylethylamine (Hünig\'s base), EtOAc, filtration; d) *N*,*N*‐dimethylformamide dimethyl acetal, heat, acetone, crystallization from 2‐propanol, 76 % of **81**; e) EtOAc, TFA, heat, H~2~O/HOAc, filtration, 85 %; f) NaOH, MeOH/H~2~O, NEt~3~, 98 %.](CMDC-13-988-g018){#cmdc201700783-fig-5010}

Following the optimization of reaction conditions for the formation of the acrylate intermediate, a ratio of 6:1 in favor of the N1 isomer (**81**) was achieved.[37](#cmdc201700783-bib-0037){ref-type="ref"} The high‐vacuum distillation step could therefore be circumvented and the *N*‐1 acrylate **83** was crystallized from 2‐propanol in high purity, containing only \<0.5 % of the N2 isomer. In summary, an improved overall yield of about 50 % for the synthesis of molidustat (BAY 85‐3934, **45**) based on the starting material 1,2,3‐triazole was achieved (Scheme [10](#cmdc201700783-fig-5010){ref-type="fig"}).

Molidustat (BAY 85‐3934, **45**) and most of its salts were distinctly hygroscopic. Surprisingly, the crystalline sodium salt **84** (Scheme [10](#cmdc201700783-fig-5010){ref-type="fig"}) proved to be an exception with regard to hygroscopicity.[38](#cmdc201700783-bib-0038){ref-type="ref"} In addition, the sodium salt **84** offered highly increased solubility in water (28 g L^−1^ for the sodium salt **84** versus 143 mg L^−1^ for the parent compound **45**).[39](#cmdc201700783-bib-0039){ref-type="ref"} Consequently, molidustat sodium (**84**) was selected as a drug substance for clinical trials.

Metabolism and preclinical PK properties {#cmdc201700783-sec-0017}
----------------------------------------

The metabolism of compound **45** (molidustat) occurred via glucuronidation. The corresponding glucuronide metabolite **85** (Scheme [11](#cmdc201700783-fig-5011){ref-type="fig"}) (metabolite M‐1, BAY‐348) was the only one present in human plasma and in the plasma of the other animal species investigated. Metabolite BAY‐348 is almost exclusively excreted via urine (85 % of dose).[40](#cmdc201700783-bib-0040){ref-type="ref"}

![Biocatalytic transformation of molidustat sodium (**84**) into the *N*‐glucuronide **85** (BAY‐348, M‐1 metabolite of molidustat): a) *S. griseochromogenes*, sterile aqueous nutrient solution, DMF, 27 °C, 21 %.](CMDC-13-988-g019){#cmdc201700783-fig-5011}

A sample of this M‐1 metabolite was isolated and purified from supernatants of rat hepatocytes incubated with the parent compound **45**. The inhibitory activity of M‐1 on HIF‐PH isoforms 1 and 2 was compared with that of the parent compound **45**. No relevant HIF‐PH inhibitory activity and no relevant CYP inhibition of the M‐1 metabolite were detected.

Owing to pyrazolone--pyrazolol tautomerism (Figure [4](#cmdc201700783-fig-0004){ref-type="fig"}), the glucuronidation of compound **45** could a priori yield either the *O*‐ or *N*‐glucuronide. NMR studies confirmed the structure of the M‐1 metabolite of compound **45** (molidustat) to be the N‐glucuronidated compound **85** (BAY‐348).

For further preclinical in vitro profiling and the development of a fully validated bioanalytical assay, a larger amount of the metabolite M‐1 was required. First, we tried to synthesize the glucuronide metabolite via chemical derivatization of compound **45**. However, trichloroacetimidate‐promoted glucuronidation of compound **45** did not yield the desired metabolite, despite being a well‐established method. Possible reasons for the low chemical conversion might be the tautomeric equilibrium of compound **45** and the steric hindrance of corresponding O‐ and N‐nucleophilic positions.

Based on previous experience with biocatalysts,[41](#cmdc201700783-bib-0041){ref-type="ref"} we investigated the use of UDP glucuronyltransferases (UGTs)[42](#cmdc201700783-bib-0042){ref-type="ref"} recombinantly expressed in the fission yeast *Schizosaccharomyces pombe* [43](#cmdc201700783-bib-0043){ref-type="ref"} for the biosynthesis of metabolite **85**. However, no turnover of compound **45** was observed upon incubation with *S. pombe* expressing relevant UGT, using either published or modified conditions.[44](#cmdc201700783-bib-0044){ref-type="ref"}

At that time a report using wild‐type *Streptomyces* strains for transforming drugs into phase I and phase II metabolites was published.[45](#cmdc201700783-bib-0045){ref-type="ref"} *Streptomyces* are known to possess a wide array of sugar biosynthesis and transferase genes.[46](#cmdc201700783-bib-0046){ref-type="ref"} We therefore initiated a systematic study using our corporate collection of microorganisms for the preparation of the desired phase II metabolite of compound **45**.

After screening our internal collection of *Streptomyces* strains, we identified several strains that were able to convert compound **45** into a product with the molecular mass of the desired M‐1 metabolite. Notably, we were able to achieve a 20--50 % turnover on an analytical scale using a *Streptomyces griseochromogenes* strain and molidustat sodium (**84**). Successful scale‐up to multiple 20 L steel fermenters yielded a total of 1.2 g of the desired metabolite in analytically pure form. To the best of our knowledge, this successful preparation of the metabolite of compound **45** (molidustat) is the first example of a biocatalytic N‐glucuronidation on the gram scale.

The preclinical PK properties of molidustat (BAY 85‐3934, **45**) were investigated in several animal species (Table [5](#cmdc201700783-tbl-0005){ref-type="table-wrap"}). Taken together, the preclinical drug metabolism and PK properties of the drug candidate compound **45** were found to be well suited to further development.

Conclusions {#cmdc201700783-sec-0018}
===========

In our pursuit of new therapies for renal anemia, a novel small‐molecule HIF‐PH inhibitor compound class (2,4‐diheteroaryl‐1,2‐dihydro‐3*H*‐pyrazol‐3‐ones) was discovered. Starting from high‐throughput screening hit BAY‐908 (**1**), medicinal chemistry optimization eventually led to the identification of BAY 85‐3934 (molidustat, **45**), with an optimized compound profile including very high EPO induction in rodents. A binding hypothesis for key members of our compound class into the HIF‐PH pocket was developed by molecular modeling in the absence of a co‐crystal structure. Assumptions about general ligand orientation and bidentate iron binding were corroborated by a recently published X‐ray crystal structure of PHD2 with a HIF‐PH inhibitor of our compound class. The convergent synthesis leading to molidustat (**45**) and its non‐hygroscopic sodium salt **84** was largely optimized and resulted in ≈50 % overall yield on the multi‐kilogram scale. A whole‐cell microbial biotransformation on the gram scale was developed to synthesize the *N*‐glucuronide of molidustat (**85**, BAY‐348), the only metabolite in plasma through all animal species investigated. Clinical candidate molidustat (BAY 85‐3934, **45**) is currently being investigated as molidustat sodium (**84**) in phase III clinical trials for the treatment of anemia in patients with CKD.

Experimental Section {#cmdc201700783-sec-0019}
====================

The experimental data for the syntheses of BAY‐908 (**1**), compound **44**, molidustat (BAY 85‐3934, **45**), molidustat sodium (**84**), and the *N*‐glucuronide (BAY‐348, **85**) can be found in the Experimental Section. All other experimental data, as well as general methods and materials, are provided in the Supporting Information.

Synthesis of BAY‐908 (1) {#cmdc201700783-sec-0020}
------------------------

**Ethyl 3‐hydroxy‐2‐(pyridin‐3‐yl)acrylate (47)**: Ethyl pyridin‐3‐ylacetate (**46**, 1.65 g, 10.0 mmol) was introduced into anhydrous toluene (20 mL) under argon. Sodium hydride suspension (410 mg, 10.3 mmol, 60 % in paraffin oil) and 18‐crown‐6 (130 mg, 0.50 mmol) were added in portions to the solution and the mixture was stirred at RT for 30 min and then at 85 °C for 30 min. After this time, the mixture was cooled and ethyl formate (1.48 g, 20.0 mol) was added dropwise at ≈20 °C. The mixture was stirred first at RT for 60 min and then at 90 °C for 60 min. After cooling, the reaction solution was introduced into ≈50 mL of saturated ammonium chloride solution and extracted with ethyl acetate (five times with 40 mL each time). The combined organic phases were washed with 50 mL of saturated sodium chloride solution, dried over sodium sulfate, filtered and concentrated. The solid obtained was washed with pentane and dried in vacuo. Yield: 1.3 g (67 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=11.38 (br s, 1 H), 8.50 (d, 1 H), 8.39 (dd, 1 H), 7.97 (s, 1 H), 7.71 (d, 1 H), 7.35 (dd, 1 H), 4.12 (q, 2 H), 1.97 ppm (t, 3 H); MS (DCI) *m*/*z*: 194 \[*M*+H\]^+^.

**Ethyl 2‐(pyridin‐3‐yl)‐3‐(pyridin‐2‐ylhydrazono)propanoate (48)**: Ethyl 3‐hydroxy‐2‐(pyridin‐3‐yl)acrylate (**47**, 2.90 g, 15.0 mmol) and 2‐hydrazinopyridine (1.72 g, 15.8 mmol) were dissolved in ethanol (75 mL) and the mixture was stirred at RT for 4 days. The reaction mixture was concentrated on a rotary evaporator and the residue was chromatographed over silica gel 60 (mobile phase: dichloromethane→dichloromethane/methanol 10:1→dichloromethane/methanol 2:1). The product fractions were combined and the solvent was removed on a rotary evaporator. After drying in vacuo, 3.95 g (93 %) of the title compound was obtained. MS (EI+) *m*/*z*: 285 \[*M*+H\]^+^.

**Ethyl 3‐(dimethylamino)‐2‐(pyridin‐3‐yl)acrylate (49)**: Ethyl pyridin‐3‐ylacetate (**46**, 37.4 g, 226 mmol) was heated in dimethyl formamide diethylacetal (100 g, 679 mmol) at 100 °C overnight. After cooling, the mixture was concentrated and the residue was purified via flash chromatography (silica gel, gradient: cyclohexane/ethyl acetate 1:1→ethyl acetate/ethanol 9:1). The thus obtained product was further purified via vacuum distillation (1 mbar, 200 °C bath temperature). Yield: 35.0 g (70 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=8.37 (dd, 1 H), 8.31 (dd, 1 H), 7.59 (s, 1 H), 7.51 (dt, 1 H), 7.29 (ddd, 1 H), 4.00 (q, 2 H), 2.67 (s, 6 H), 1.11 ppm (t, 3 H); MS (EI+) *m*/*z*: 221 \[*M*+H\]^+^.

**1‐(Pyridin‐2‐yl)‐4‐(pyridin‐3‐yl)‐1*H*‐pyrazol‐5‐ol (BAY‐908, 1)**: *Method A*: Ethyl 2‐(pyridin‐3‐yl)‐3‐(pyridin‐2‐ylhydrazono) propanoate (**48**, 3.95 g, 13.9 mmol) was introduced into ethanol (80 mL) under argon and sodium ethanolate (945 mg, 13.9 mmol) was added in portions at RT. After stirring for 30 min, 1 [n]{.smallcaps} hydrochloric acid (13.9 mL) was added dropwise. The precipitate obtained was filtered off with suction, washed with cold ethanol (20 mL) and with water (twice with 20 mL each time) and dried in vacuo; 2.80 g (85 %) of the title compound was obtained. *Method B*: To a mixture of 2‐hydrazinopyridine (83 mg, 0.76 mmol) and ethyl 3‐(dimethylamino)‐2‐(pyridin‐3‐yl)acrylate (**49**, 200 mg, 0.91 mmol) in ethanol (5 mL), CSA (18 mg, 0.08 mmol) was added and the reaction mixture was stirred overnight at reflux. The mixture was concentrated and the residue was again dissolved in ethanol (5 mL). After addition of sodium ethylate (0.34 mL, 1.14 mmol, 21 wt. % in ethanol) the mixture was stirred at RT for 1 h and then treated with 1 [n]{.smallcaps} hydrochloric acid until pH 5.5 was reached, then stirred overnight at RT. The precipitate was filtered off, washed with ether and dried in vacuo to yield 149 mg (83 %) of the title compound. ^1^H NMR (400 MHz, CDCl~3~): *δ*=13.5 (br s, 1 H), 8.97 (d, 1 H), 8.44 (dd, 1 H), 8.34 (d, 1 H), 8.05--7.91 (m, 3 H), 7.87 (s, 1 H), 7.31 (dd, 1 H), 7.25 ppm (m, 1 H); MS (DCI) *m*/*z*: 239 \[*M*+H\]^+^.

Synthesis of compound 44 {#cmdc201700783-sec-0021}
------------------------

**Ethyl 1*H*‐imidazol‐1‐ylacetate (69)**: Sodium (118.2 g, 5.1 mol) was slowly added to ethanol (2.5 L). Imidazole (350.0 g, 5.1 mol) was then added and ethyl bromoacetate (570 mL, 5.1 mol) was added dropwise at an internal temperature of 20--25 °C. The mixture was stirred at RT for 24 h. The precipitate was filtered off and the filtrate was concentrated and filtered again. The residue was purified by column chromatography (silica gel, mobile phase: ethyl acetate). Yield: 639.0 g (81 %); MS (EI+) *m*/*z*: 155 \[*M*+H\]^+^.

**Ethyl 3‐(dimethylamino)‐2‐(1*H*‐imidazol‐1‐yl)acrylate (72)**: Ethyl 1*H*‐imidazol‐1‐ylacetate (**69**, 400.0 g, 2.59 mol) was stirred in *N*,*N*‐dimethylformamide diethyl acetal (1.56 L, 9.08 mol) at a bath temperature of 100 °C for 16 h. After cooling, the mixture was concentrated in vacuo, and the residue was chromatographed over silica gel (mobile phase: dichloromethane/methanol 95:5). The product fractions were combined and the solvent was removed on a rotary evaporator. The residue was stirred with diisopropyl ether and the solid was filtered off and finally washed with diisopropyl ether to give the title compound (229.5 g, 42 %). ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=7.52 (s, 1 H), 7.49 (s, 1 H), 7.05 (s, 1 H), 6.91 (s, 1 H), 4.02 (q, 2 H), 2.63 (br s, 6 H), 1.12 ppm (t, 3 H); MS (EI+) *m*/*z*: 210 \[*M*+H\]^+^.

**2‐Chloro‐4‐(piperidin‐1‐yl)pyrimidine (75)**: A mixture of 4,6‐dichloropyrimidine (10.0 g, 67.1 mmol) and piperidine (5.7 g, 67.1 mmol) in 100 mL of water was stirred at a bath temperature of 115 °C for 16 h. After cooling to RT, the precipitate was filtered off, washed with water and dried under reduced pressure. Yield: 6.4 g (47 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=8.29 (s, 1 H), 6.92 (s, 1 H), 3.65--3.58 (m, 4 H), 1.66--1.62 (m, 2 H), 1.60--1.48 ppm (m, 4 H); MS (EI+) *m*/*z*: 198 \[*M*+H\]^+^.

**4‐Hydrazino‐6‐(piperidin‐1‐yl)pyrimidine (77)**: With stirring and at RT, hydrazine hydrate (17.7 mL, 364.2 mmol) was added dropwise to a solution of 4‐chloro‐6‐(piperidin‐1‐yl)pyrimidine (**75**, 6.0 g, 30.4 mmol) in ethanol (50 mL). The reaction solution was stirred at 80 °C for a further 16 h. For work‐up, the mixture was concentrated under reduced pressure, the residue was stirred in water, the precipitate was filtered off, the filter residue was washed twice with water (150 mL) and twice with diethyl ether (100 mL) and the product was dried under reduced pressure. Yield: 4.0 g (69 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=7.91 (s, 1 H), 7.54 (br s, 1 H), 5.89 (s, 1 H), 4.11 (br s, 2 H), 3.50--3.47 (m, 4 H), 1.61--1.58 (m, 2 H), 1.51--1.46 ppm (m, 4 H); MS (EI+) *m*/*z*: 194 \[*M*+H\]^+^.

**4‐(1*H*‐Imidazol‐1‐yl)‐1‐\[6‐(piperidin‐1‐yl)pyrimidin‐4‐yl\]‐1*H*‐pyrazol‐5‐ol (44)**: Ethyl 3‐(dimethylamino)‐2‐(1*H*‐imidazol‐1‐yl)acrylate (**72**, 55 g, 263 mmol) and 4‐hydrazino‐6‐(piperidin‐1‐yl)pyrimidine (**77**, 61 g, 315 mmol) were dissolved in ethyl acetate (550 mL) and TFA (12.0 g, 105 mmol) was added. The mixture was heated at reflux and was stirred at this temperature for 16 h. After cooling to RT, the precipitate was filtered off and washed with ethyl acetate. The solid was dissolved in water (500 mL) and the solution was adjusted to pH 7 with 1 [n]{.smallcaps} hydrochloric acid. The precipitate was filtered off, washed with water and diisopropyl ether and finally dried over phosphorus pentoxide. Yield: 78 g (95 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=9.24 (s, 1 H), 8.53 (s, 1 H), 8.28 (s, 1 H), 8.04 (s, 1 H), 7.82 (s, 1 H), 7.45 (s, 1 H), 3.76--3.72 (m, 4 H), 1.74--1.52 ppm (m, 6 H); ^13^C NMR (125 MHz, \[D~6~\]DMSO): *δ*=23.9, 25.0, 44.8, 86.1, 102.4, 118.8, 126.3, 133.9, 134.6, 154.3, 155.0, 155.8, 161.6 ppm; MS (EI+) *m*/*z*: 312 \[*M*+H\]^+^.

Synthesis of molidustat (BAY 85‐3934, 45) {#cmdc201700783-sec-0022}
-----------------------------------------

**Ethyl 1*H*‐1,2,3‐triazol‐1‐ylacetate (70) and ethyl 2*H*‐1,2,3‐triazol‐2‐ylacetate (71)**: Sodium (129.2 g, 5.6 mol) was slowly added to ethanol (4.0 L). 1,2,3‐1*H*‐Triazole (400 g, 5.6 mol) was then added and ethyl bromoacetate (623 mL, 5.6 mol) was added dropwise at an internal temperature of 20--25 °C. The mixture was stirred at RT for 48 h. The precipitate was filtered off and the filtrate was concentrated and filtered again. The residue was taken up in ethyl acetate, the mixture was filtered and concentrated in vacuo and the residue was purified by distillation over a 30 cm Vigreux column. The product **71** was obtained at a bath temperature of 140 °C, an overhead temperature of 60--115 °C and a pressure of 1--7 mbar. Yield of compound **71**: 28 % (purity 86 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=7.85 (s, 2 H), 5.45 (s, 2 H), 4.16 (q, 2 H), 1.20 ppm (t, 3 H); MS (EI+) *m*/*z*: 156 \[*M*+H\]^+^. Compound **70** was obtained as distillation residue. Yield of compound **70**: 440.0 g (50 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=8.14 (d, 1 H), 7.77 (d, 1 H), 5.42 (s, 2 H), 4.18 (q, 2 H), 1.22 ppm (t, 3 H); MS (EI+) *m*/*z*: 156 \[*M*+H\]^+^.

**Ethyl 3‐(dimethylamino)‐2‐(1*H*‐1,2,3‐triazol‐1‐yl)acrylate (73)**: Ethyl 1*H*‐1,2,3‐triazol‐1‐ylacetate (**70**, 1.0 g, 6.45 mmol) was heated in *N*,*N*‐dimethylformamide diethyl acetal (3.31 mL, 19.34 mmol) overnight at 100 °C. After cooling, the mixture was concentrated, and the residue was purified by means of preparative HPLC (RP‐18 column, mobile phase: acetonitrile/water gradient). Yield: 1.4 g (100 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=8.10 (d, 1 H), 7.78 (d, 1 H), 7.65 (s, 1 H), 4.03 (q, 2 H), 3.06 (br s, 3 H), 2.10 (br s, 3 H), 1.12 ppm (t, 3 H); MS (EI+) *m*/*z*: 211 \[*M*+H\]^+^.

**4‐(2‐Chloropyrimidin‐4‐yl)morpholine (76)**: 4,6‐dichloropyrimidine (45.0 g, 302.1 mmol) was initially charged in water (450 mL). Morpholine (26.3 g, 302.1 mmol) was added and the mixture was stirred at 90 °C for 16 h. The mixture was then cooled to 0 °C and the precipitate formed was filtered off. The precipitate was washed once with water (50 mL) and air‐dried. Yield: 51.0 g (85 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=8.35 (s, 1 H), 6.95 (s, 1 H), 3.62 ppm (s, 8 H); MS (EI+) *m*/*z*: 200 \[*M*+H\]^+^.

**4‐(6‐Hydrazinopyrimidin‐4‐yl)morpholine (78)**: *Method A (gram‐scale)*: 4‐(6‐chloropyrimidin‐4‐yl)morpholine (**76**, 53.0 g, 0.27 mol) was charged in ethanol (260 mL). Hydrazine hydrate (132.9 g, 2.70 mol) was added and the mixture was stirred under reflux for 16 h. The mixture was cooled to RT and half of the solvent was removed by distillation. The mixture was then cooled to 0 °C and the solid formed was filtered off. The solid was washed with cold ethanol, initially air‐dried and then dried under reduced pressure. Yield: 35.0 g (68 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=7.94 (s, 1 H), 7.70 (s, 1 H), 5.91 (s, 1 H), 4.15 (s, 2 H), 3.66--3.60 (m, 4 H), 3.45--3.37 ppm (m, 4 H); MS (EI+) *m*/*z*: 196 \[*M*+H\]^+^. *Method B (kilogram‐scale)*: 4,6‐dichloropyrimidine (**74**, 35.0 kg, 234.9 mol) was suspended in water (82 kg) at 20 °C in a stirred vessel, admixed with triethylamine (28.5 kg, 281.6 mol) and more water (5 kg), then cooled to 12 °C. Hydrazine hydrate (14.0 kg, 279.4 mol) was subsequently introduced at 12--14 °C over a period of about 1 h. More water (5 kg) was added, the mixture was stirred for another 3 h at 12 °C and was then warmed to 20 °C. After 16 h at 20 °C, sodium hydrogen carbonate (23.8 kg, 283.3 mol), then morpholine (23.6 kg, 270.9 mol) and water (5 kg) were added. The mixture was heated at a jacket temperature of 90 °C and stirred for 9 h. The solution obtained was cooled to 70 °C and seeded with 4‐(6‐hydrazinopyrimidin‐4‐yl)morpholine (**78**, 0.14 kg), then cooled to 3 °C over a period of 5 h. The suspension obtained was stirred at 3 °C for 3 h and filtered in a number of portions in a peeler centrifuge. The product cake was in each case washed with cold water and dried at 40 °C for about 8 h under reduced pressure in a mixer‐dryer. Yield: 32.9 kg (72 %).

**Methyl 3‐(dimethylamino)‐2‐(1*H*‐1,2,3‐triazol‐1‐yl)acrylate (83)**: *Kilogram‐scale*: In a stirred vessel, methyl bromoacetate (**80**, 53.7 kg, 351 mol) was added dropwise to a solution of ethyldiisopropylamine (74.9 kg, 579.5 mol) and 1,2,3‐triazole (20 kg, 289.6 mol) in ethyl acetate (1843 kg) at 35 °C over a period of about 2 h in such a way that the internal temperature was kept at 35 to 37 °C. The reaction mixture was subsequently stirred at 40 °C for 8 h. After cooling to 10 °C, the suspension obtained was filtered, the filter cake was washed with ethyl acetate (53.3 kg) and the combined filtrates were concentrated at up to 60 °C under reduced pressure (255 kg of distillate). The evaporation residue (max. 289.6 mol) was admixed at 40 °C with *N*,*N*‐dimethyl formamide dimethyl acetal (53.1 kg, 445.6 mol) and stirred at 80 to 86 °C for 2 h. Low boilers formed were distilled off (16 kg of distillate). The mixture was subsequently cooled to 50 °C, acetone (122 kg) was added, the mixture was maintained at 50 °C and undissolved constituents were filtered off hot. The filter cake was washed once with acetone (19 kg, 50 °C). The combined filtrates were concentrated by distillation (97 kg of distillate), admixed with isopropanol (47 kg), once again concentrated by distillation at atmospheric pressure until a temperature of about 83 °C had been reached (60 kg of distillate), cooled to 70 °C and admixed with isopropanol (16 kg). The mixture was inoculated with methyl 3‐(dimethylamino)‐2‐(1*H*‐1,2,3‐triazol‐1‐yl)acrylate (**83**, 0.15 kg) and cooled to 0 °C over a period of 7 h. After a further hour at 0 °C, the mixture was filtered, the filter cake was washed twice with a mixture, which had been cooled to 0 °C, of *tert*‐butyl methyl ether (16 kg) and isopropanol (16 kg) and dried at 40 °C under reduced pressure. Yield: 43.0 kg (76 %, based on 1,2,3‐triazole); ^1^H NMR (500 MHz, \[D~6~\]DMSO): *δ*=8.10 (d, 1 H), 7.78 (d, 1 H), 7.67 (s, 1 H), 3.55 (s, 3 H), 3.4--2.4 (br s, 3 H), 2.4--1.7 ppm (br s, 3 H); MS (EI+) *m*/*z*: 197 \[*M*+H\]^+^.

**1‐\[6‐(Morpholin‐4‐yl)pyrimidin‐4‐yl\]‐4‐(1*H*‐1,2,3‐triazol‐1‐yl)‐1*H*‐pyrazol‐5‐ol (molidustat, BAY 85‐3934, 45)**: *Method A (gram‐scale)*: Ethyl 3‐(dimethylamino)‐2‐(1*H*‐1,2,3‐triazol‐1‐yl)acrylate (**73**, 1.98 g, 9.43 mmol) and 4‐(6‐hydrazinopyrimidin‐4‐yl)morpholine (**78**, 1.89 g, 9.70 mmol) were introduced into ethyl acetate (25 mL) and TFA (502 mg, 4.4 mmol) was added at RT. The mixture was stirred under reflux for 18 h, then cooled to 0--5 °C and subsequently stirred for a further 2 h. The solid formed was filtered off, washed with cold ethyl acetate and dried first in air and thereafter under a high vacuum. Yield: 2.13 g (71 %); ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=8.42 (s, 1 H), 8.38 (s, 1 H), 8.01 (s, 1 H), 7.73 (s, 1 H), 7.70 (s, 1 H), 3.71--3.65 (m, 4 H), 3.57--3.51 ppm (m, 4 H); ^13^C NMR (125 MHz, \[D~6~\]DMSO): *δ*=44.3, 65.6, 85.6, 102.8, 123.7, 132.9, 135.8, 152.4, 154.1, 154.7, 162.0 ppm; IR (KBr): $\widetilde{\nu}$ =3441, 3135--3108, 2965--2884, 1636--1345, 1257 cm^−1^; UV/Vis (acetonitrile/water 1:1): *λ* ~max~ (*ϵ*)=249 nm (34 928 L (mol cm)^−1^); MS (EI+) *m*/*z*: 315 \[*M*+H\]^+^; Anal. calcd for C~13~H~14~N~8~O~2~: C 49.7, H 4.5, N 35.7, O 10.2, found: C 49.5, H 4.4, N 35.5, O 12.6. *Method B (kilogram‐scale)*: In a stirred vessel, 4‐(6‐hydrazinopyrimidin‐4‐yl)morpholine (**78**, 42.0 kg, 215.1 mol) and methyl 3‐(dimethylamino)‐2‐(1*H*‐1,2,3‐triazol‐1‐yl)acrylate (**83**, 44.0 kg, 224.2 mol) were suspended in ethyl acetate (378 kg), admixed with TFA (12.1 kg, 106.1 mol) and heated under reflux (from 78 °C to 81 °C) at a jacket temperature of 90 °C for 26 h. The suspension obtained was cooled to 0 °C, stirred at 0 °C for 1 h and filtered. The filter cake was washed with ethyl acetate (53 kg) and dried under reduced pressure at up to 45 °C. The filter cake was admixed with a mixture of water (355 kg) and acetic acid (11.7 kg), then suspended and stirred at 50--54 °C for 1 h. After cooling to 24 °C, the suspension was filtered. The filter cake was washed first with water (90 kg), then twice with methanol (50 kg each time) and finally dried at 35--45 °C under reduced pressure. Yield: 57.4 kg (85 %).

Synthesis of molidustat sodium (84) {#cmdc201700783-sec-0023}
-----------------------------------

**Sodium 1‐\[6‐(morpholin‐4‐yl)pyrimidin‐4‐yl\]‐4‐(1** ***H*** **‐1,2,3‐triazol‐1‐yl)‐1*H*‐pyrazol‐5‐olate (molidustat sodium, 84)**: *Kilogram scale*: In a stirred vessel, compound **45** (55 kg, 175.0 mol) was suspended in a mixture of methanol (200 kg) and water (30 kg), admixed with triethylamine (17.8 kg, 175.9 mmol), heated at 60 °C, stirred further for about 1 h and filtered hot to separate off undissolved constituents. The filter cake was washed with methanol (15 kg, 60 °C). Sodium hydroxide solution (18.7 kg, 210.4 mmol, 45 % strength) was slowly introduced at 60 °C and methanol (5 kg) was added. Sodium 1‐\[6‐(morpholin‐4‐yl)pyrimidin‐4‐yl\]‐4‐(1*H*‐1,2,3‐triazol‐1‐yl)‐1*H*‐pyrazol‐5‐olate (**84**, 0.12 kg) was added as seed crystals and the mixture was stirred at 60 °C for another 1 h and cooled to 24 °C over a period of about 2 h. The mixture was stirred for 8 h at this temperature, subsequently cooled to 0 °C over a period of about 1 h and filtered in portions by means of a centrifuge. The filter cake was washed with a mixture of water (24 kg) and methanol (168 kg) and also methanol (about 23 kg in each case) and dried all together at 40 °C under reduced pressure in a dryer for 8 h. Yield: 57.6 kg (98 %); ^1^H NMR (500 MHz, \[D~6~\]DMSO): *δ*=8.98 (d, *J=*1.4 Hz, 1 H), 8.72 (s, 1 H), 8.68 (s, 1 H), 8.64 (d, *J=*1.4 Hz, 1 H), 7.77 (s, 1 H), 4.25--4.00 ppm (m, 8 H); ^13^C NMR (125 MHz, \[D~6~\]DMSO): *δ*=48.2, 67.8, 91.5, 107.0, 129.6, 130.9, 138.0, 151.7, 152.0, 157.4, 159.9 ppm; IR (KBr): $\widetilde{\nu}$ =3153--3006, 2976--2855, 1630--1439, 1241, 1112, 987 cm^−1^; UV/Vis (acetonitrile/water 1:1): *λ* ~max~ (*ϵ*)=284 nm (16 855 L \[mol cm\]^−1^); MS (EI+) *m*/*z*: 337 \[*M+*Na\]^+^, 315 \[*M*+H\]^+^; Anal. calcd for C~13~H~13~N~8~O~2~Na: C 46.4, H 3.9, N 33.3, found: C 46.1, H 4.0, N 33.1.

Synthesis of the *N*‐glucuronide 85 (BAY‐348) {#cmdc201700783-sec-0024}
---------------------------------------------

**1‐(Beta‐[d]{.smallcaps}‐glucopyranuronosyl)‐2‐\[6‐(morpholin‐4‐yl)pyrimidin‐4‐yl\]‐4‐(1*H*‐1,2,3‐triazol‐1‐yl)‐1,2‐dihydro‐3*H*‐pyrazol‐3‐one (85, BAY‐348)**: A 100 mL Erlenmeyer flask containing a sterile aqueous nutrient solution (20 mL) comprising malt extract (1.0 %, Oxoid L 39), yeast extract (0.4 %, Becton Dickinson 212720) and glucose monohydrate (0.4 %) at pH 7.2 was inoculated with a frozen DMSO‐sample of *Streptomyces griseochromogenes* (1 mL, ATCC 14511) and shaken (165 rpm) for 72 h at 27 °C. 10 mL of this culture was used to inoculate a 2 L Erlenmeyer flask containing 1000 mL of the same sterile medium as described above and shaken (165 rpm) for 48 h at 27 °C. This preculture was used to inoculate a 10 L steel fermenter which contained 8.3 L of a sterile aqueous nutrient solution comprising glucose monohydrate (1.0 %), yeast extract (0.1 %), meat extract (0.1 %, Becton Dickinson 212610) and tryptose (0.2 %) at pH 7.2. After 7 h at 27 °C, an aeration rate of 8 L min^−1^ and a stirring rate of 300 rpm, molidustat sodium (84, 250 mg) dissolved in DMF (20 mL) was added and cultivation was continued for another 120 h under unchanged conditions. LCMS analytics showed after this fermentation time a turnover of 25 % to the desired product with about 30 % unchanged starting material. The culture was harvested employing a continuous flow centrifuge (Contifuge) and the liquid fraction was concentrated in vacuo to provide 28 g of solid material. This material was levigated in a mixture of 620 mL methanol and 30 mL water and stirred under sonication for 5 days. Solids were removed, and the filtrate was concentrated in vacuo to yield 12.6 g of a foamy solid. HPLC purification (column: Reprospher C18 10 μm 125×30 mm; eluent A: H~2~O+0.1 % formic acid \[99 %\], eluent B: methanol; gradient: 0--0.5 min 25 mL min^−1^ to 70 mL min^−1^ 15 % B; 0.5--5.5 min 5--50 % B at a flow rate of 70 mL min^−1^ at RT) provided the enriched target material (540 mg). A second round of HPLC purification (column: XBridge C18 5 μm 100×30 mm; eluent A: H~2~O+0.1 % formic acid \[99 %\], eluent B: methanol; gradient: 0‐0.5 min 25 mL min^−1^ to 70 mL min^−1^ 5 % B; 0.5--5.5 min 5--35 % B, flow rate 70 mL min^−1^ at RT) provided 83 mg of analytically pure 85 (21 %). ^1^H NMR (400 MHz, \[D~6~\]DMSO): *δ*=9.10 (s, 1 H), 8.54 (d, 1 H), 8.52 (d, 1 H), 7.94 (d, 1 H), 7.08 (s, 1 H), 5.71 (d, 1 H), 5.42 (br s, 1 H), 5.39 (d, 1 H), 3.93--3.86 (m, 1 H), 3.72--3.60 (m, 9 H), 3.40--3.35 ppm (m, overlap with water signal); ^1^H NMR (500 MHz, CD~3~CN/D~2~O 70:30, reference CD~3~CN 1.9 ppm): *δ*=8.73 (s, 1 H), 8.43 (d, 1 H), 8.38 (d, 1 H), 7.83 (d, 1 H), 6.99 (d, 1 H), 5.29 (d, 1 H), 3.89--3.84 (1 H, obscured by HDO signal), 3.75--3.67 (5 H, partially obscured by TMB signal), 3.65--3.60 (m, 4 H), 3.49--3.46 ppm (m, 2 H); ^13^C NMR (125 MHz, CD~3~CN/D~2~O 70:30, reference CD~3~CN 1.3 ppm): *δ*=45.2, 66.9, 70.9, 71.8, 77.0, 77.5, 88.4, 97.5, 112.7, 125.5, 134.7, 137.3, 154.2, 158.9, 160.1, 164.0, 171.9 ppm; MS (EI+) *m*/*z*: 491 \[*M*+H\]^+^; TMB=1,3,5‐trimethoxybenzene (internal standard).

Animal studies {#cmdc201700783-sec-0025}
--------------

All anemia procedures conformed to national legislation (dt. Tierschutzgesetz v. 18.05.2006) and EU directives (86/609) for the use of animals for scientific purposes and were approved by the institutional animal care office of Bayer AG and by the competent regional authority (LANUV Recklinghausen).
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